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Abstract 
 This paper describes results of computer-based analyses of the dispersion of CO2 from pipelines 
or other containment vessels under a variety of conditions relevant to power plants fitted with 
Carbon Capture & Storage (CCS).  A single methodology is proposed which will enable the 
prediction of a source term for a CO2 release from pipeline or storage vessel under gaseous, liquid 
and dense phase conditions. This methodology provides the source term input to a number of case 
studies of CO2 dispersion from a pipeline using both CFD and Gaussian-type dispersion models. 
The effects of solid CO2 formed within the dispersing jet on the subsequent dispersion and plume 
characteristics is investigated. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
 Development of an acceptable safety case for a proposed CCS technology is clearly paramount 
to obtaining a permit to operate the technology.  In order to achieve acceptance, prediction of the 
consequences of different modes of plant and infrastructure failure need to be undertaken.  
Understanding the consequences of unintended releases of CO2 from containment vessels such as 
pipelines is an essential element of this analysis, and a number of potential gaps in knowledge have 
been identified by Regulators [1]. 
 The thermodynamic properties of pure CO2 are well known at all pressures and temperatures 
considered likely during the CCS process.  However, it is generally acknowledged that techniques 
for predicting the rate of release of high pressure CO2 from a pipeline or other containment vessel 
and its physical form after release are not so well established.  As a consequence, the subsequent 
dispersion of the CO2 will be less easy to determine if based on overly conservative or poorly 
defined source terms.  An understanding of the sensitivity of model predictions to the physical 
approximations used is also important in assessing the significance of model output. 
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2. Source Term Methodology 
 
 As input, dispersion models require a specification of the source terms for the leak.  These are 
values of leak rate, temperature, velocity, state (e.g. two phase) and source area, and are normally 
calculated at the position where the leakage jet has expanded to atmospheric pressure.   
 An objective of this study was to devise a methodology for source term calculation that was 
both consistent across the range of conditions expected for CO2 in pipelines or storage vessels, and 
which could be applied to both commercial dense gas models (where practical to do so) and ‘in-
house’ models, e.g. CFD simulation. 
 At different times and places within a CCS system, the CO2 could be in a gaseous, liquid or 
dense phase form. In the calculations reported here, all CO2 properties have been obtained using the 
NIST Reference Fluid Thermodynamic and Transport Properties, REFPROP, program.  
 The models for leak source terms need to be able to deal with this wide range of initial 
conditions and the changes in state as the leak develops.  For a purely gaseous release, there are 
well accepted expressions for leak rate, given, for example, [2].  These are based on an assumption 
of ideal gas behaviour and will be most accurate for lower initial pressures and higher temperatures.  
In this section a method is described that is generally applicable to both gaseous and dense phase 
releases, giving similar results to ideal gas expressions at appropriate temperatures and pressures.  
 When a leak occurs, the fluid in the container will accelerate isentropically to the hole exit.  If ho 
is the stagnation enthalpy within the container and he and ue are the enthalpy and velocity at the exit 
plane, then 
 
 ho = he + ue2/2 (1) 
 
and the exit mass flux (flow rate per unit area) is: 
 
 G = eue = (2e2(ho-he))0.5 (2) 
 
where e is the density at exit.  The exit area, used with equation (2) to give the leak mass flow rate, 
may be adjusted for specific hole geometries by using an empirical compressible discharge 
coefficient, such as given by [3]. 
 For the CO2 conditions being considered, the flow velocity at the exit will normally be choked.  
If so, then the pressure at the exit hole, Pe, will be greater than ambient.  Pe can be found using an 
approach originally suggested by [4] for two phase flow, but which also works for gaseous flows.  
Pe is varied, with a constant entropy, so, until the flow rate given by equation (2) is a maximum.  For 
gases, this approach leads to the case with sonic conditions at the hole exit.    
 From the exit, the jet will rapidly expand with very little mixing until equilibrium at ambient 
pressure is reached.  Modelling of this expansion is based on [5].  The equilibrium conditions are 
found by assuming no mixing and that the enthalpy and momentum are conserved between the exit 
plane and the equilibrium plane.  For two phase flow, homogeneous equilibrium between the phases 
is also assumed.  The maximum velocity at the equilibrium plane is constrained to the vapour speed 
of sound.  The source term for subsequent dispersion modelling is set by the equilibrium conditions.   
 For a liquid or dense phase release with initial conditions above the saturation line, the 
expansion will involve a phase change to the vapour phase (‘flashing’).  The pressure, Pe, that gives 
the maximum mass flux, G, will usually be the saturation pressure, so saturation release conditions 
will apply at the exit plane for a dense phase release.  The fluid at the exit plane will be two phase, 
liquid and vapour.  The expansion to equilibrium will generally take the jet conditions to the 
sublimation point at 1 bar, -78.5°C, with some mixture of vapour and solid.  This will always be the 
case for initially liquid conditions and many dense phase conditions.  This is illustrated by the 
pressure-enthalpy paths from initial to equilibrium conditions for Leaks 1 to 4 in Figure 1.  Only 
dense phase releases with initial conditions well above the critical temperature (31.1°C),  occurring 
possibly during a compression process, will give purely vapour phase conditions at equilibrium, 
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Leak 5 in Figure 1.  Conversely, some releases with gaseous initial conditions can end up at the 
sublimation point with a solid-vapour mixture, Leak 6 in Figure 1. 
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Figure 1 Pressure-enthalpy paths for different leak cases. 
 
 The source terms derived above are based on the container pressure and temperature, Po and To.  
Once the leak is flowing, the values of Po and To will be changed by the leak flow.  For a closed 
container such as a pressure vessel, the leak will depressurise the container over time as fluid is lost 
and the pressure Po used in the source term will fall.  The temperature To is likely to fall too, 
depending on the heat transfer to the container.  
 For the specific case of a pipeline with a large leak, (where the hole area is a large fraction of 
the pipe area), not only will the pipeline depressurise from loss of fluid, but the high speed flow 
along the pipeline to the leak position will produce a large pressure drop, which will lower the 
effective Po further.  For this case, if the CO2 is initially in the liquid or dense phase above the 
saturation line, the decreasing pressure will rapidly fall below the saturation pressure and a two-
phase flow boundary will propagate away from the exit into the pipe.  The leak flow reduces very 
rapidly in this initial period until saturation conditions are reached (usually only a few seconds) and 
then tends to stabilise with a much slower falling emission rate, e.g. see [6].  The use of the initial 
Po and To in the source term calculation would generally be too conservative for large leaks, since it 
will give the highest flow rate occurring right at the start of the leak, which in practice rapidly 
decreases to a much smaller value.  It is proposed here that a more representative leak can be found 
by assuming saturation conditions within the pipe near the exit point.  This will give the highest 
flow rate of the more slowly decreasing part of the release transient.  The scenarios considered in 
this paper use this fact to generate typical release rates for input into dispersion models. 
 
3. Dispersion Case Studies 
 
 For an initial study of CO2 dispersion, we have considered a 0.5 m diameter hole in a pipeline.  
This is assumed to be either a full bore rupture or at least a large fraction of the pipe diameter, so 
the conditions described above apply.  A range of pipeline starting conditions relevant to power 
plant CCS projects, were specified - pressures of 150, 125, 100, and 75 bara and temperatures of 10, 
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20, and 30°C.  For the dispersion calculations, these initial conditions were used to derive 
equivalent saturation conditions.  This can be done in a number of ways; here, we have assumed 
going from initial to saturation conditions with either constant temperature (T), constant enthalpy 
(H) or constant entropy (S).  Leak rates have been calculated by the methods described above for all 
these different conditions.  Results are shown in Figure 2.  Note that the initial conditions (‘init’ in 
Figure 2) give much higher leak rates than the saturation conditions and have a much greater spread 
of values.  The different ways of deriving the saturation conditions make a relatively small 
difference to the leaks rates produced, as do the initial pressures they were derived from.  Generally, 
assuming a constant temperature gives slightly higher, more conservative leak rates at the saturation 
condition.   
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Figure 2 Leak rates for different conditions. 
 
 Because the saturated release cases are quite close together, only a relatively small number of 
cases need be considered to be representative of the full range of conditions.  The input conditions 
for the dispersion models (at the equilibrium plane) are given in Table 1.  All the releases were at 
the sublimation temperature of -78.5°C. 
 
Table 1 Dispersion source conditions. 
Case 
flow rate 
(kg/s) 
velocity 
(m/s) 
vapour mass 
fraction 
equil. 
radius (m) Saturated conditions derived from 
1 5176 170 0.611 1.460 H const - 150 bar, 10°C 
2 5496 178 0.628 1.490 T const – 10°C, any P 
3 5628 187 0.644 1.490 H const - 150 bar, 20°C 
4 6226 202 0.672 1.540 T const – 20°C, any P 
5 6632 220 0.751 1.610 T const – 30°C, any P 
 
 The dispersion resulting from the source terms for the 5 cases have been modelled using the 
commercial packages Phast 6.6, in which the effects of CO2 solid formation (after atmospheric 
expansion) are taken into account and the CFD code CFX, which is discussed later in this paper.  A 
horizontal release and a release at 19° to the horizontal were specified with a release height 5 m 
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above a flat ground.  A wind flow representative of a neutral atmospheric boundary layer was 
specified, with a velocity of 5 m/s at 10 m height and a ground roughness of 0.2 m.  The wind flow 
was in the same direction as the release.  
 The centreline concentration fractions predicted by Phast, Table 2, at each of the specified 
distances were found not to differ significantly between the 5 cases.  At ground level, 
concentrations of 5% extend to distances of approximately 530m for the horizontal release.  At 
similar distances, the concentration of the angled release is approximately 2%, the maximum 
concentration not exceeding the 5% level for this release at ground level. 
 
Table 2 Centreline concentration fraction (by volume) of CO2 predicted by Phast at different 
downwind distances from the source. 
Case  
Distance (m) 1 2 3 4 5 
200m 6.5% 6.6% 6.6% 6.8% 6.8% 
300m 4.2% 4.3% 4.2% 4.3% 4.3% 
Release 19° 
from 
horizontal 400m 2.9% 3.0% 3.0% 3.1% 3.1% 
200m 11.4% 11.5% 11.3% 11.5% 11.4% 
300m 8.1% 8.2% 8.1% 8.2% 8.1% 
Horizontal 
release 
400m 6.4% 6.4% 6.4% 6.4% 6.4% 
 
 In addition to the above, the dispersion has also been modelled using a commercial CFD code, 
Ansys-CFX.  Initially, this has mainly been used to look at the effects of the presence of solid 
particles of CO2 on the release.  These particles sublimate as they are carried along by the CO2 jet, 
shrinking and producing CO2 vapour.  The heat required for this phase change, means that the 
plume stays colder for longer, compared to a vapour only release.  The CFD model uses the ‘liquid 
evaporation model’ in CFX, which is normally applied in spray dryer studies.  This iterates between 
calculations of the flow field and of particle trajectories through the flow field.  Heat transfer to and 
mass transfer from the particles is calculated and interacted with the flow.  For a particle, if the 
vapour pressure at the particle surface is above the local CO2 vapour pressure, sublimation occurs 
and the release rate of vapour is directly related to the heat supplied to the particle.  
 The CFD model has been applied to release case 3 in Table 1.  Four cases were studied; an all 
vapour release with the same total flow rate as the two-phase release and three releases with the 
specified mix of solid and vapour (0.644 vapour fraction), but using different size distributions for 
the solid particles; a uniform distribution between 10 and 50 microns, between 50 to 100 microns 
and between 50 to 150 microns.  
 The centreline concentration fractions predicted for Case 3 for the all vapour and two phase 
releases for both the horizontal and angled release are given in Table 3.  The CFD predictions for 
Case 3 give rather higher concentration values than Phast but generally  the two model types give 
consistent results within modelling uncertainties.  This gives a level of confidence enabling further 
development to the CFD code, including extension of the code to examine more complex scenarios 
including complex terrain and congested areas. 
 
Table 3: Centreline concentration fraction (by volume) of CO2 predicted by CFD at different 
downwind distances from the source. 
Case 3  
Distance (m) Vapour only 10-50 micron 50-100 micron 50-150 micron 
200m 13.9% - - 11.5% 
300m 8.7% - - 7.2% 
Release 19° 
from 
horizontal 400m 5.8% - - 5.0% 
200m 15.5% 15.7% 18.4% 18.6% 
300m 11.0% 10.6% 11.3% 12.1% 
Horizontal 
release 
400m 8.2% 7.9% 7.9% 8.1% 
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 Figure 3 gives temperature contours for all the CFD horizontal releases.  The downstream extent 
in the figure is 600 m.  The contours show a major difference in temperature between the all vapour 
case and the two-phase cases.  Although the particle tracks (in dark blue) show the larger particles 
travelling further, as might be expected, there is much less difference in temperature contours 
between the three particle size distributions, suggesting a relatively low sensitivity to size.  This is 
providential, since it is unlikely that a size range could be specified very accurately.  The effect on 
CO2 mass fractions (mf) of the different release conditions are less, as seen in Figure 4, although 
there is still a noticeable difference between vapour and two-phase cases.  In this case, the vapour 
plume appears to extend slightly further, possibly because it slumps less. 
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Figure 3 Temperature contours on centreline plane, with particle tracks. 
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Figure 4 CO2 mass fraction contours on centreline plane. 
 
 An upward pointing release, at 19° to the horizontal, was also studied with the CFD model.  The 
same release conditions were used.  Figure 5 compares temperature contours for the all vapour case 
with a solid-vapour release, using a uniform 50 to 150 micron size distribution.  The downstream 
extent in this figure is 400 m.  The difference in temperature behaviour can be seen and this also 
affects the plume trajectory through the density, leading to different CO2 contours, Figure 6.   
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Figure 5 Temperature contours on centreline plane, with particle tracks. 
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Figure 6 CO2 mass fraction contours on centreline plane. 
 
4. Conclusions 
 
 A single methodology has been developed to enable the prediction of a source term for a CO2 
release from pipeline or storage vessel under gaseous, liquid and dense phase conditions.  Use 
of this approach, which is dispersion model independent, enables the same source term to be 
used as input into both CFD and Gaussian-type dispersion models. 
 Although the time-dependency of emissions from an initially dense phase CO2 leak is 
potentially complex to predict, it is shown that a rate representative of the initial period of the 
release is obtained in many cases by assuming saturated conditions in the pipeline near the exit . 
Further, in this situation, the starting temperature of the CO2 in the pipeline is the most 
important factor in determining the emission rate from CO2 pipeline ruptures, the greatest 
emissions occurring when initial temperatures are highest. 
 The effects of explicit inclusion of solid CO2 particles in a dispersing CO2 plume from a 
pipeline leak on plume temperature and dispersion rate are examined using a CFD model and it 
is concluded that subliming CO2 particles suppress the plume temperature significantly 
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compared to the case in which all the CO2 is assumed to be in the gaseous phase initially.  For 
cases in which the plume jet is angled upward the lower temperature in the plume affects the 
plume trajectory, leading to earlier grounding of the plume. 
 Centre-line concentrations are not that different for vapour or two-phase releases but the lower 
temperatures predicted in the two-phase releases lead to different ground level concentrations 
due to buoyancy effects. 
 A comparison between the CFD model results and a Gaussian-type dispersion model, Phast 6.6, 
indicates consistent results within modelling uncertainties.  This gives a level of confidence 
enabling further development to the CFD code, including extension of the code to examine 
more complex scenarios including complex terrain and congested areas. 
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